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Abstract The availability of key plant nutrients may
change with elevation in tropical mountains due to
altitudinal gradients in temperature and moisture which
affect pedogenesis and nutrient cycling. In a transect
from upper lowland to montane forests in NE Ecuador,
we tested the hypotheses that (1) the availability of P is
low in low-elevation forests but increases upslope, while
the availability of N is relatively high at low elevations
but decreases with elevation, and (2) increasing amounts
of calcium, magnesium and potassium are stored on top
of the soil with progressive humus accumulation toward
higher elevations, likely to improve nutrient availability.
In each 20 plots in undisturbed natural forest at 500,
1000, 1500 and 2000 ma.s.l., we measured in situ N net
mineralization and nitrification rate (NNM and NNI,
buried bag method), plant-available phosphorus (Pa,
resin-bag method), and salt-exchangeable calcium,
potassium and magnesium concentrations (Caex, Kex,
Mgex) in the organic and mineral topsoils. NNM and
NNI, and the Caex, Kex and Mgex concentrations were
much more variable at the plot level than across the
four elevations, while Pa varied equally at small and
large spatial scales. Pa increased more than 10fold from
500 to 2000 m. The net release of nitrate dominated
over ammonium at all elevations. While mass-related
NNM and NNI rates and also organic matter C/N ratio in
the topsoil remained invariant along the slope, NNM and
NNI rates per ground area decreased by about 40% from
500 to 2000 m. Thus, the NNM/Pa ratio decreased
markedly with elevation proving our first hypothesis. In
support of the second hypothesis, the pools of Caex,
Mgex and Kex in the organic layers increased with
elevation, demonstrating the key role that organic
topsoil horizons are playing for forest nutrition at high
elevations. We suggest that the large difference in N
versus P availability of tropical (upper) lowland and
montane forests is likely to be a key factor influencing
the species composition and productivity along tropical
mountain slopes.
Keywords Exchangeable cations . Humus
accumulation . Nitrogen mineralization . Nutrient
limitation . Plant-available phosphorus . Tropical
montane forest
Abbreviations
NNM N net mineralization rate
NNI net nitrification rate
Pa plant-available phosphorus
Introduction
A decrease of tree height with increasing elevation is
probably the most obvious characteristic of tropical
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forests when climbing from the mountain foot to the
summits (Moser et al. 2008). However, alterations in
tree structure are often associated with, and may
partly be caused by, distinct changes in soil properties
and humus morphology from lowland to upper
montane forests (Bruijnzeel and Proctor 1995;
Schawe et al. 2007). There is a vital debate as to
whether the elevational temperature decrease, or other
factors such as increases in precipitation, soil mois-
ture, soil acidity, litter phenol content, or in the extent
of nutrient limitation of plant growth, are key factors
causing the progressive accumulation of organic
matter on top of the soil along tropical mountain
slopes (Grubb 1977; Tanner 1981; Jordan and
Herreira 1981; Vitousek 1984; Vitousek and Sanford
1986; Schuur 2001; Schawe et al. 2007; Benner et al.
2010). Already Jenny (1980) proposed that a decreas-
ing decomposition rate with increasing elevation is
the direct cause of humus accumulation at higher
altitudes. Lower decomposition rates are linked to
reduced nutrient mineralization and element cycling
rates per unit soil organic matter and thus may induce
nutrient shortage at higher elevations (Bruijnzeel and
Proctor 1995; Iost et al. 2008). However, increasing
amounts of organic matter stored on top of the soil
lead to larger nutrient stocks in the topsoil (Edwards
and Grubb 1977) with the potential to provide
additional rooting space and nutrient sources. Various
authors have pointed out that nutrients released
from the organic layer play an important role for
plant nutrition in tropical montane forests (Grubb
1977; Edwards and Grubb 1977, 1982; Edwards
1982; Cuevas and Medina 1986, 1988; Grubb 1995;
Kaufmann et al. 1998).
There is substantial evidence, mostly from foliar
nutrient analyses, that tree growth in many tropical
lowland forests is primarily limited by phosphorus
(P), while plant-available nitrogen (N) seems to be
relatively abundant (e.g. Vitousek 1984; Vitousek and
Sandford 1986; Cuevas and Medina 1988; Tiessen et
al. 1994). According to the conceptual model of
pedogenesis and nutrient availability of Walker and
Syers (1976), N supply should be poor in young soils
and N fixation from the atmosphere an important
process, whereas P should become progressively
unavailable during pedogenesis. Similar to calcium
(Ca), magnesium (Mg) and potassium (K), P is
supplied to the soil solution by weathering of parent
material, and it is often present in plant-available form
in very low concentrations in old, highly weathered
soils (Grubb 1977; Edwards and Grubb 1977, 1982;
Edwards 1982; Kitayama et al. 2004), where sorption
plays an important role (Walker and Syers, 1976;
Vitousek, 1984; Olander and Vitousek 2004). Tropi-
cal montane forests most often grow on younger or
rejuvenated soils, where N thus may be short in
supply, while P limitation of growth should be of
lower importance than in lowland forests which
typically grow on older soils. Nutrient addition
experiments in tropical montane forests (Jamaica:
Tanner et al. 1990; Hawaii: Harrington et al. 2001;
Colombia: Cavelier et al. 2000; Venezuela: Tanner
et al. 1992) in fact provided evidence that N is a
major proximate limiting nutrient to plant growth in
the sense of Vitousek et al. (2010).
Transect studies across tropical mountain slopes
may provide valuable information on elevational
changes in nutrient availability (e.g. Grieve et al.
1990; Bruijnzeel et al. 1993; Schawe et al. 2007;
Wilcke et al. 2008) which may help to identify
ultimate limiting nutrients to plant growth at different
elevations because they may not be detected in
fertilization experiments with a rather short duration.
In this study, we searched for altitudinal effects on
plant nutrient availability in tropical upper lowland
(500 m) to montane forests (2000 m) with a focus on
the five quantitatively most important plant nutrient
elements, N, P, Ca, Mg and K. We tested the
hypotheses that (1) the availability of P is low in
low-elevation forest soils, but increases with eleva-
tion, while the availability of N is relatively high at
low elevations but decreases upslope, and (2) with
progressive humus accumulation on top of the soil,
increasing amounts of Ca, Mg and K are stored in the
organic layers toward higher elevations that may
improve nutrient availability. Because spatial hetero-
geneity of soils may be a critical confounding factor
of altitudinal transect studies, we investigated a large
number of forest plots (80 in total) and started with an
investigation of the small- and regional-scale vari-
ability of soil properties at four elevations (each 20
plots at 500, 1000, 1500 and 2000 m elevation). We
put a special emphasis on the measurement of plant-
available fractions of the five nutrient elements,
i.e. in situ measurement of N net mineralization rate,
plant-available P, and salt-exchangeable Ca, Mg and
K concentrations at the cation exchangers. As a study
area, we choose a moist forest region in NE Ecuador
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which represents the last remaining continuous forest
block extending from the foothills to the summits of
the east equatorial Andes.
Materials and methods
Study area
The study was conducted in the Sumaco Biosphere
Reserve (SBR) and its close proximity in the province
of Napo, NE Ecuador, immediately at the equator.
The reserve was established in 2000 and is situated on
the eastern slopes of the Andes and their adjacent
foothills and includes the Sumaco volcano. The area
represents the last remaining altitudinal transect of
undisturbed vegetation from the upper lowlands
(400 ma.s.l.) to the páramo (3700 m) in the eastern
equatorial Andes, a biodiversity hotspot which har-
bours probably more than 6000 plant species (Neill
and Palacios 1997). The 80 study plots were allocated
to four elevation levels (500, 1000, 1500, and
2000 m) representing an altitudinal transect of
1500 m elevational distance (Fig. 1).
The climate varies from moist, hot tropical in the
eastern lowland regions to moist, warm subtropical in
the higher western reaches. Exact data on annual
precipitation in the study region is lacking, but rainfall
is likely to exceed 2500 mmyr−1 in most parts of the
area. The Sumaco volcano and the Cordillera Guaca-
mayos most likely receive more than 4000 mmyr−1.
Throughout the area, precipitation usually never drops
below 100 mmmonth−1 (Neill and Jørgensen 1999).
Mean annual temperature decreases from approxi-
mately 22.9°C at 415 m (Jatun Sacha biological
station) to 14.3°C at 2015 m (Sumaco volcano) (own
unpublished data).
The eastern slopes of the Ecuadorian Andes
(Oriente) consist of two distinct physiogeographic
zones, the Oriente basin and the Sub-Andean Zone. In
the Oriente, quaternary clastic sediments include a
variety of deposits, from lavas and pyroclastics of
various grain sizes to colluvial/alluvial materials
(piedmont fans) and alluvial fills. The topographically
more diverse sub-Andean zone consists of foothills
rising to elevations of up to 2000 m, deeply dissected
by east-flowing rivers. As a consequence of high
rainfall and relatively high temperatures, rates of rock
weathering are generally high. The Sub-Andean Zone
borders the Cordillera Real and is a back-arc fold-
thrust belt tectonically associated with the Andes
(Baldock 1982).
The geology is variable in the area but not well
studied. In most of the region, parent rocks from
the Cretaceous dominate, mainly limestone. How-
ever, at Volcano Sumaco (basalt) and at Hakuna
Matata (granite), volcanic and intrusive rocks,
respectively, are present. Slates are found at
Cordillera Guacamayos (Sauer 1971).
The soils show a considerable heterogeneity
throughout the study region. Most of the excavated
profiles at 500 and 1000 m were classified as Geric
Ferralsols according to the World Reference Base for
Soil Resources (IUSS Working Group WRB. 2006),
while we found a preponderance of Cambisols at the
upper study sites (1500 and 2000 m).
Following the most recent vegetation classification
for Ecuador (Palacios et al. 1999), the studied forests
at 500 m can be classified as evergreen lowland
forests, the stands at 1000 m as evergreen premontane
forests, and the upper elevation forests (1500 and
2000 m) as evergreen lower montane forests.
At each of the four elevation levels (500, 1000,
1500 and 2000 m), three study sites (at 500 m: 2)
were selected (see Fig. 1) which each included 5 to 12
study plots resulting in 20 plots per elevation level
and 80 plots in total.
Soil analysis
We installed 80 plots of 20 m×20 m size at the
four different altitudinal levels and marked them
permanently. The 80 plots are grouped at 11 sites
being 6 to >70 km distant to each other (Fig. 1).
Each site had a size of about 2 km×2 km and
harboured forest stands representative for the respec-
tive elevation. Typically, each site of 4 km2 size
represented the small-scale topographic and pedo-
logic variability in the region. For plot selection,
only areas without any kind of visible human or
natural disturbance were selected in mature forest
stands in order to study a matrix of old-growth
stands along elevational and small-scale topographic
gradients. The 5 to 12 plots per site were selected at
distances to each other of several hundred m
(minimum distance: 100 m).
For characterizing important soil chemical proper-
ties in the 80 stands, four soil samples were collected
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in every plot in the period April to June 2007. We
divided the study plots into four equally-sized quad-
rates of 10 m×10 m. In the centre of each quadrate, a
soil core of 5 cm diameter and 20–25 cm length was
taken. This core was separated into two sections, the
organic layer and the top 10 cm of the mineral soil.
The organic layer consists of a mixture of the organic
L, F and H horizons; the boundary between the
organic H and the mineral soil Ah horizon was set at
about 30% organic matter content using morpholog-
ical criteria of the substratum for estimating organic
matter content. The upper mineral soil consisted of A-
and/or B-horizons with less than 30% of organic
matter content.
The soil samples were stored in polyethylene bags in
a refrigerator (5°C) until transported by air freight to
Germany where the analyses were carried out. The fresh
soil samples were analyzed for pHH2O and pHKCl (1 N
KCl) with a glass electrode according to Jackson
(1958); the soil: water ratio was 1:2.5 for the mineral
soil and 1:10 for the organic layer soil.
The total concentrations of C and N were deter-
mined with a C/N elemental analyzer (Vario EL III,
elementar, Hanau, Germany) in the ground and dried
(70°C, 48 h) soil. The concentrations of salt-
exchangeable cations in the organic layer and in the
0–0.1 m horizon of the mineral soil were determined
by percolating 2.5 g of air-dried soil with 100 ml
0.2 N BaCl2 solution for 4 h (Bower and Wilcox,
1965). The solution concentrations of exchangeable
potassium (Kex), magnesium (Mgex), calcium (Caex)
and aluminum (Alex) were analyzed by atomic
absorption spectroscopy (Vario 6, Analytic Jena,
Germany). The concentration of hydrogen ions at
the cation exchangers of the soil was calculated from
the observed pH change during the percolation
process.
As an estimate of plant-available phosphorus (Pa), P
was extracted by resin bags (Dowex 1×8–50), which
were placed for 16 h in a solution of 1 g soil material
suspended in 30 ml of water (Sibbesen 1977; Bowman
and Cole 1978; Agbenin and van Raij 2001). P was
Fig. 1 Map of the study
region in North-eastern
Ecuador (Sumaco Biosphere
Reserve, SBR) with location
of the 11 study sites
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then re-exchanged by NaCl and NaOH solutions and
analysed colorimetrically after blue-dyeing (Murphy
and Riley 1962). The total P concentration of the
organic layer dry mass was determined photometrically
with a staining procedure (p-yellow) after digestion of
the sample with 65% HNO3 at 195°C.
Net N mineralization and nitrification rates
Between March and April 2008, eight topsoil samples
(soil cores of 5 cm diameter and 10 cm length
consisting of both organic layer and mineral soil
material) were collected in every plot (each two in the
center of the four 10 m×10 m quadrates) to determine
net N cycling rates. One soil core per quadrate was
extracted in the field immediately (see procedure
below) for determination of initial concentrations of
ammonium and nitrate. Part of the soil from the first
core was also used for gravimetric determination of
actual water content (105°C, 48 h, dry weight basis)
and soil bulk density. The second soil core was placed
in a closed polyethylene bag, reburied in the soil at
exactly the same spot were it was taken to incubate
the material in situ for 8 days and thereafter extracted
in the field in the same way as described below. The
polyethylene bags permitted a certain exchange of
gases but inhibited the passage of water.
Before and after incubation, the NH4
+-N and
NO3
−-N concentrations of the samples were deter-
mined by extracting about 90 g of a sample in 300 ml
of a 0.5 molar K2SO4 solution. The extracts were
shaken thoroughly for 2 h, allowed to equilibrate for
another 2 h, and filtered through Whatman no. 2 filter
paper (Whatman International, Maidstone, Kent, UK).
The filter paper was rinsed beforehand with about
50 ml blank 0.5 M potassium sulfite solution. We
added 1 ml chloroform to each filtrate for retarding
microbial growth (Robertson 1984). All extracts were
frozen directly after the filtration (Arnold et al. 2008),
transferred to Germany by plane and analyzed. In all
buried soil samples, there was no appreciable loss of
water during the incubation period.
The concentrations of NH4
+ and NO3
− were mea-
sured colorimetrically by continuous flow injection
(Cenco/Skalar Instuments, Breda, Netherlands) in
which NH4
+ is quantified using the Berthelot reaction
method (Skalar Method 155-000) and NO3
− is deter-
mined using the copper-cadmium reduction method
(Skalar Method 461-000). Daily N net mineralization
rate (NNM) per soil dry mass was calculated by
subtracting the initial concentration of NH4
+ plus
NO3
− from that after incubation divided by the days
of incubation. Net nitrification rate (NNI) was calculat-
ed as the difference between initial and final NO3
-
concentration. Positive N-figures indicate gain from the
soil, negative ones N consumption or immobilization
of N by biotic or abiotic processes in the soil. Stand-
related N net mineralization and net nitrification rates
were calculated by multiplying the mass-specific NNM-
and NNI-rates with the bulk density of the soil and the
depth (10 cm) of the respective soil sample, thus
yielding soil volume- and ground area-related net
release rates (unit: molNha−1 d−1). The results of the
soil analyses are presented either in the Figs. 2, 3 and 4
or in Table 2.
Data analysis
Linear regression analyses were applied to identify
significant relationships between elevation as inde-
pendent variable and soil chemical parameters. All
regressions were calculated using Xact software
(version 8.0; SciLab, Hamburg, Germany). To test
for significant differences in nutrient concentrations
among the plots of different elevations, non-
parametric analyses of variance (Kruskal-Wallis
test), combined subsequently with two-sample tests
(Wilcoxon U test) and three-factorial analyses of
variance for unbalanced data sets (General Linear
Models) were conducted using SAS software
(version SAS 9.1 for Windows; SAS Institute,
Cary, North Carolina, USA). P<0.05 was used as
the significance level throughout the study.
Results
Spatial heterogeneity of soil properties
By analyzing soil samples from 320 different loca-
tions (80 plots with each 4 sampling locations), we
were able to characterize the about 20 investigated
soil properties in terms of their heterogeneity at
different spatial scales. Most soil chemical parameters
showed the largest variability at the within-plot level,
i.e. over distances of not more than 10 m (Table 1),
while the parameters varied less between different
plots, sites (at a given elevation), and between the
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four elevations (e.g. pH, C/N ratio, exchangeable
cation concentrations, and N net mineralization/
nitrification rates). Only a minority of properties
varied primarily across elevations while being less
variable on a regional and local scale (e.g. depth of
organic layer and Nt concentration). Plant-available P
was the only parameter revealing similar variances at
the within-plot, within-site, between-site and across-
elevation levels, while total P showed largest varia-
tion at the within-site (between-plot) and within-plot
levels (Table 1).
Soil organic matter and soil acidity
The mean depth of the organic layer (L, F, H
horizons) on top of the mineral soil increased about
fourfold from 0.16 m in the plots at 500 m to
0.63 m at 1500 ma.s.l. and remained constant
higher up on the slope (Table 2). A significant
altitudinal trend was visible despite the considerable
spatial heterogeneity of organic layer properties at a
given altitude.
The acidity of the organic layer showed a large
between-plot variability with plot pH (KCl) means
ranging from 2.8 (at 1500 m) to 6.2 (at 1000 m),
while the pH (KCl) of the mineral soil was much
more uniform among the plots (3.9–5.3). The large
majority of plots were characterized by moderate to
high soil acidities with pH (KCl) <5. The pH (KCl) of
the organic layers decreased significantly with eleva-
tion (r2=0.06, p=0.02), while that of the mineral soil
increased (r2=0.36, p<0.001). Organic layer depth
was positively correlated with the pH (KCl) of the
mineral soil (r2=0.34, p<0.001).
Fig. 2 Soil phosphorus
concentrations in the 80
study plots as a function
of elevation (m above sea
level). a concentration
of plant available P
(Pa, resin-bag-method)
in the organic layer;
b concentration of Pa in the
upper mineral soil layer
(0–0.1 m), c total P
concentration (Pt) in the
organic layer. Given are the
means of the 20 plots per
elevation level; the location
of the plots at the each
3 (500 m: 2) study sites
is indicated by different
symbols. Abbreviations:
Jatun Sacha (J.S.),
Selva Viva (S.V.),
Rio Hollin (R.H.),
Hakuna Matata (H.M.),
Cordillera Galleras (GA.),
Sumaco (SU.),
Cocodrillos (CO.),
Cordillera Galleras (GA.),
Sumaco (SU.),
Cordillera Huacamayos
(C.H.), Yanayacu (Y.Y.)
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Availability of Ca, K, Mg and Al
The concentration of salt-exchangeable K in the
organic layer ranged from 2.6 to 48 μmolg−1 (plot
means). Despite a large within- and between-site
variability, the Kex concentration in the organic layer
was positively correlated with elevation (r2=0.38,
p<0.001). In contrast, the Kex concentration in the
mineral soil did not depend on elevation, and was
about 10 times lower than that in the organic layer.
Similarly variable were the exchangeable Mg con-
centrations of the organic layer (plot means from
10.9 to 135 μmolg−1) and of the mineral soil (0.8 to
18.5 μmolg−1). The Mgex concentration of the
organic layer was positively correlated with eleva-
tion and also with the pH (KCl) (r2=0.12, p<0.001;
r2=0.15, p<0.001, respectively), while the Mgex
concentration of the mineral soil showed no corre-
lation neither with elevation nor with pH (KCl). The
plot means of the salt-exchangeable Ca concentra-
tion in the organic layer varied between 45 and
687 μmolg−1 and those of Caex of the mineral soil
between 4.2 and 238 μmolg−1. Caex of the organic
layer showed a significant, but not very tight,
correlation with elevation (r2=0.04, p=0.03), while
Caex of the mineral soil was independent from
elevation. Both variables were positively correlated
with pH (KCl) (r2=0.43, p<0.001; r2 =0.25,
p<0.001, respectively).
The exchangeable aluminium concentration in the
organic layers was below the detection limit in various
plots at 500, 1000 and 2000 m elevation, but reached
plot means as high as 286 μmolg−1 in other stands. In
the organic layer, the Alex means were positively
correlated with elevation (r2=0.08, p=0.005). The Alex
concentration of the mineral topsoil ranged from
4.4 μmolg−1 (lowest plot mean) to 179 μmolg−1 and
was not correlated with elevation. Unlike Kex and Mgex
of the mineral soil, which were positively correlated
with Caex (r
2=0.08, p=0.005; r2=0.35, p<0.001,
respectively), Alex was negatively correlated with Caex
of the mineral soil (r2=0.05, p=0.02).
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Fig. 3 C/N ratio and total nitrogen concentration of the soil in
the 80 study plots as a function of elevation. a C/N ratio of the
organic layer and b of the mineral topsoil (0–0.1 m), c total
nitrogen concentration of the organic layer and d of the mineral
soil. For symbols of the different study sites see Fig. 2
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Phosphorus availability
Plant-available phosphorus (Pa), estimated by the
resin-bag exchange method, showed a very large
variability among the plots at all four elevation levels.
In general, the Pa concentrations were much higher
(about 6 times) in the organic layer than in the upper
mineral soil (0–0.1 m, Fig. 2a and b). In the former,
Pa plot means varied between 0.03 and 23.3 μmolPa
g−1, in the latter, Pa minima were below the detection
limit of our method, while maxima reached
4.86 μmolg−1. Despite this high spatial variability,
Pa in the organic layer and in the mineral soil tended
to increase with elevation more than tenfold, with the
difference between the elevation levels being signif-
icant for the 1500 to 2000 m transition (Fig. 2a and
b). This altitudinal trend persisted even if certain very
high Pa values of the Yanayacu plots at 2000 m were
excluded as outliers from the analysis. Both the Pa
concentrations of the organic layer and of the mineral
soil showed a positive correlation with pH (KCl)
(r2=0.06, p=0.01; r2=0.07, p=0.009, respectively).
The concentration of total P (Pt) was only measured in
the organic layer and ranged from 15.7 to 209 μmol
g−1 revealing a weak negative correlation with
elevation (Fig. 2c) while not being related to pH
(KCl). The between-plot variability of Pt was high at
500 m (13fold difference between maximum and
minimum) but declined with increasing elevation
(3fold difference at 2000 m).
N concentrations and N mineralization rate
The nitrogen concentration in the organic material of
the L, F, H layers increased from 0.58 mmolg−1 at
500 m to 1.59 mmolg−1 at 2000 ma.s.l. with lowest
and highest plot means of 0.4 and 1.9 mmolg−1
(Fig. 3c). In contrast, no elevational trend in the
organic layer C/N ratio was detected (14.7–15.7 mol
mol−1 as means of the elevation levels, Fig. 3a). The
total nitrogen (Nt) concentration of the mineral topsoil
increased from 0.20 to 0.52 mmolg−1 from 500 to
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Fig. 4 Net mineralization of N in the 80 plots as a function of
elevation either expressed per soil mass and day (a minerali-
zation rate), or extrapolated to a full year and related to ground
area (b net N mineralization). Net release of nitrate either
expressed per soil mass and day (c nitrification rate), or
extrapolated to a full year and related to ground area (d net
nitrification). For symbols of the different study sites see Fig. 2.
The topsoil (0.1 m) consists of the organic layer and part of the
mineral soil
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1000 m elevation but remained constant higher
upslope (minima and maxima along the transect: 0.1
and 0.9 mmolg−1, Fig. 3d). With elevation level
means of 10.2 to 13.1 molmol−1, the C/N ratio of the
mineral soil was lower than that of the organic layer,
and it significantly increased from 500 to 1500 m, but
dropped again toward the 2000-m level (Fig. 3b).
Nt and C/N ratio of the mineral soil were positively
correlated with pH (KCl) (r2=0.23, p<0.001; r2=0.05,
p=0.03, respectively), while Nt of the organic layer was
negatively related to pH (KCl) (r2=0.10, p=0.002).
The experiments with in situ-incubation of topsoil
samples revealed a negative net ammonium release rate
in 40 of the 80 plots, i.e. an immobilisation of NH4
+ at
a maximum rate of 2.6 μgN g−1 d−1. Highest NH4
+
release rates reached 2.2 μgN g−1 d−1 at the plot level.
Rates of NO3
− release (net nitrification rate) varied
between 0.01 μgg−1 d−1 and 4.79 μgg−1 d−1 as plot-
level means, while N mineralization rate (i.e. the sum
of net NH4
+ and NO3
− release) ranged between large
negative values (up to −2.34 μgN g−1 d−1) at plots with
intensive ammonium immobilisation to 5.08 μgN g−1
d−1 in soils with rapid ammonification and subsequent
nitrification. The relative proportion of NO3
− release of
the total of mineral N released exceeded 80% in all
plots and typically ranged between 95 and 100%.
The drymass-based net release rate of mineral N in the
uppermost 10 cm of the soil was independent of elevation
(Fig. 4a and c). Only when N release is expressed per
soil volume and ground area (termed net N mineraliza-
tion and net nitrification; unit: kgNha−1 d−1), net
mineralization and nitrification rate decreased with
altitude (Fig. 4b and d). This altitude effect was caused
by a significant increase in organic layer depth,
Table 1 Percental contribution of four different sources of
variation to the total variation (=100%) of various soil chemical
parameters in the 80-plot sample according to a variance
components analysis (mixed model, all effects random). The
relative importance of the components of variation was
estimated with the routine REML, calculated with the statistical
program R (version 2.8.1, Crawley 2007). The data set
consisted of 4 elevation levels (500, 1000, 1500 and 2000 m),
3 study sites per elevation (500 m: 2), 5–12 plots per study site,
and 4 sampling locations (NNM and NNI: 8) per plot.
Parameter Within-plot
variation
Within-site variation
(between-plot variation)
Between-site variation
(at a given elevation)
Variation due to
elevation differences
Depth of organic layer 19,9 16,5 5,7 57,9
Organic layer
pHKCl 30,3 28,4 16,8 24,5
Nt 16,3 5,4 11,1 67,2
C/N-ratio 48,5 31,7 19,8 0,0
Kex 32,1 32,5 2,1 33,3
Mgex 48,6 21,5 20,8 9,1
Caex 34,1 28,8 28,9 8,2
Alex 56,9 15,1 28,0 0,0
Pa 20,1 27,1 26,7 26,1
Pt 37,1 43,9 19,0 0,0
Mineral soil (0–0.1 m)
pHKCl 40,6 19,2 11,7 28,5
Nt 23,0 11,9 21,3 43,8
C/N-ratio 24,1 18,4 22,5 35,0
Kex. 72,4 13,6 5,8 8,2
Mgex. 60,5 28,5 4,6 6,4
Caex. 42,5 43,4 14,1 0,0
Alex. 72,3 12,7 15,0 0,0
Pa 33,9 28,3 23,7 14,1
Topsoil horizon (organic layer and part of uppermost mineral soil)
N mineralization rate (NNM) 65,4 24,0 5,2 5,4
N nitrification rate (NNI) 54,2 30,5 10,6 4,7
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associated with a decrease in the bulk density of the
topsoil, in upslope direction. Both net mineralization
and net nitrification were positively correlated with soil
bulk density (r2=0.19, p<0.001 and r2=0.18, p<0.01,
respectively) and also with soil moisture (r2=0.16,
p<0.001 and r2=0.14, p<0.01, respectively).
In an attempt to compare the availabilities of N and P
along the slope, we calculated different nutrient ratios
(Fig. 5a–d). While the Nt/Pt-ratio of the organic layer
increased with elevation (r2=0.25, p<0.001), the Nt/
Pa-ratio (resin bag method) of both the organic layer
and the mineral topsoil decreased exponentially with
altitude (r2=0.12, p=0.001 and r2=0.06, p=0.01,
respectively). By relating N mineralization or nitrifica-
tion rate (NNM or NNI) to available phosphorus Pa, we
obtained NNM/Pa and NNI/Pa ratios which showed
similarly exponential decreases with altitude (r2=0.24,
p=0.001; r2=0.30, p<0.001) as did the Nt/Pa ratios.
Discussion
Elevational change in N availability
Mean rates of N net mineralization as obtained from
8-d in situ-incubations were close to values reported
from other tropical forests on moderately fertile soils
(1–3 μgN g−1 d−1), while lower mineralization rates
were observed in forests on oxisols, ultisols or other
less fertile substrates, and also in some montane
forests (0.1–1 μgN g−1 d−1, Lamb 1980; Robertson
1984; Chandler 1985; Vitousek and Denslow 1986;
Vitousek and Sanford 1986; Matson et al. 1987;
Marss et al. 1988; Montagnini and Buschbauer 1989).
That the mineralization rates in East Ecuador were
relatively high at montane elevation may be explained
by the rather low C/N ratios along this transect.
To test the hypothesis that nitrogen availability
decreases with elevation in tropical mountain
forests, we investigated different variables charac-
terizing N availability, (i) N net mineralization (and
nitrification) rate per soil dry mass, i.e. the specific
activity of mineralizing soil bacteria and fungi, (ii)
N net mineralization rate per soil volume and
ground area as a measure of mineral N supply to
plant roots, and (iii) soil C/N ratio as an indicator
of the decomposability of soil organic matter. Soil
mass-related N net mineralization and nitrification
rate remained invariant between 500 and 2000 m
along the transect, indicating that a decrease in
mean temperature by more than 8°C had no effect
on the mineralizing activity of the soil biota. This
contrasts with frequent reports about a slowing
down of N mineralization in cooler environments
Elevation (m)
Parameter 500 1000 1500 2000
Organic layer
Depth of organic layers [m] 0.158±0.021a 0.239±0.031a 0.634±0.047b 0.534±0.032b
Soil bulk density [Mgm−3] 1.13±0.04a 0.63±.003b 0.47±0.02b 0.57±.01b
pHKCl 4.66±0.56
a 5,28±0.65a 3.86±0.46b 4.69±0.57a
Kex [μmolg
−1] 6.69±0.57a 12.95±0.70b 13.05±1.28b 20.77±2.31c
Mgex [μmolg
−1] 32.47±3.28a 47.39±2.52ab 36.06±3.26a 54.05±5.39b
Caex [μmolg
−1] 136.07±12.18a 275.38±39.22b 146.13±20.78a 250.15±22.18b
Alex [μmolg
−1] 18.91±3.34a 62.59±17.78ab 73.64±9.06b 50.76±8.26ab
Caex/Alex ratio [molmol
−1] 9.68±1.93ab 17.10±8.72b 3.76±1.22a 6.00±1.24a
Mineral soil (0–0.1 m)
pH(KCl) 4.08±0.42
a 4.47±0.54b 4.44±0.46bc 4.51±0.47c
Kex [μmolg
−1] 1.72±0.17a 2.54±0.16b 1.64±0.15a 1.86±0.20a
Mgex [μmolg
−1] 5.70±0.53ab 7.56±0.85a 4.51±0.56b 4.73±0.70b
Caex [μmolg
−1] 14.22±2.08a 41.28±11.97a 21.96±4.10a 30.35±7.45a
Alex [μmolg
−1] 44.85±5.29a 57.20±7.76a 44.33±3.55a 40.48±5.70a
Caex/Alex ratio [molmol
−1] 0.63±0.24a 2.23±1.32a 0.54±0.12a 1.23±0.32a
Table 2 Means (± 1 SE,
n=20) of various soil
properties of the organic
layer and the mineral topsoil
(0–0.1 m) at 500, 1000,
1500 and 2000 m elevation
in the Sumaco Biosphere
Reserve transect. Kex, Mgex,
Caex, Alex—BaCl2-ex-
changeable concentrations
of K, Mg, Ca and Al,
Pa—available P fraction
according to the resin-bag
method, Pt—total P. Mean
Ca/Al ratio was calculated
by averaging over the 20
plot means of Ca/Al ratio
per elevation level.
Different small letters
indicate significant
differences between the
elevations
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(e.g. Meentemeyer 1977; Sveinbjörnsson et al.
1995; Timoney 1995; Sveinbjörnsson 2000). How-
ever, our observation of a negligible temperature
effect on net mineralization is supported by the
experiments of Marss et al. (1988) who suggested
that low temperature is unlikely a major constraint of
soil N transformation in tropical mountain forests
because soils from higher altitudes, when incubated
in the lowlands at 100 m elevation, did not reveal
higher N mineralization or nitrification rates. This
may indicate that the microbial communities of the
different elevation levels are well adapted in their
metabolic rate to the local thermal regime. If so,
other factors such as elevated foliar phenol contents
or the more frequent occurrence of water-saturated
soils and hypoxia might limit N mineralization at
high altitudes.
Only minor changes in substrate quality may be
one reason for the observed constancy of mineraliza-
tion rate with elevation in our transect. In the
literature, there are contrasting reports on altitudinal
change in soil organic matter C/N ratio in tropical
mountains. Similar to our data, Arnold et al. (2008)
and Proctor et al. (1988) reported more or less
constant C/N ratios in NW Ecuadorian and Malaysian
mountain transects, while Moser et al. (2008) found a
pronounced increase of topsoil C/N ratio with
elevation in a south Ecuadorian transect. This points
to an important influence of bedrock type on soil N
content and its altitudinal variation. In Central and
Northern Ecuador, many summits are volcanoes, that
develop Andosols at higher elevations with relatively
high nitrogen concentrations when aged, while they
are infrequent in S Ecuador.
N availability to plant uptake is best characterized
by N mineralization rate per soil volume and stand
area (per m2 and 0–0.1 m depth). Other than mass-
related mineralization rate, N mineralization and
nitrification per stand area decreased by about 40%
between 500 and 2000 m, supporting our first
hypothesis. This is mostly a consequence of the fact
that the humus content of the topsoil increased toward
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Fig. 5 Ratio (log-transformed) of total nitrogen to plant-
available phosphorus of the organic layer (a) or the mineral
soil (0–0.1 m) (b), and ratio (log-transformed) of N mineral-
ization rate (NNM, c) or nitrification rate (NNI, d) to plant-
available phosphorus of the topsoil (mixture of organic layer
and mineral soil horizon, 0–0.1 m) (n=80). The r2 and p values
refer to the original non-linear relationships before log-
transformation. To avoid division by zero, 0.01 was added to
all Pa values in the data of Fig. 5b
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higher elevations in this transect, thereby reducing
soil bulk density and lowering volume-related mineral
N release rates.
Another factor that could influence N availability to
plants in tropical montane forests is the depth of the
organic layers which typically increases with elevation
(in our transect three- to fourfold). Due to higher N
concentrations, organic material on top of the soil
generally has higher mass-related N mineralization rates
than the mineral soil underneath. Organic layers at high
elevation thus may support relatively high N release
rates on a ground area basis, which could partly
compensate for reductions in N mineralization rate per
soil mass or soil volume. Because we measured N
mineralization only in the uppermost 0.1 m of the soil
profile, we have no data on the activity of lower soil
horizons and thus cannot conclude on the potential role
of an increasing organic layer depth for N availability.
Elevational change in P availability
The availability of phosphorus to plants depends on a
variety of geochemical and biological factors, several of
them being difficult to measure under field conditions.
Furthermore, a fully agreed analytical procedure to
quantify plant-available P in forest soils does not yet
exist. We used two approaches to obtain estimates of
plant-available P in the topsoil horizons: first, total P in
the organic layers was determined for quantifying the
pool of P bound in fresh litter and humus material on top
of the mineral soil. Part of this pool, especially that
bound in the easily-degradable humus fraction, may be
readily available as inorganic P after fungal or microbial
mineralization, while P bound in recalcitrant organic
molecules may resist biological degradation for much
longer time (Walker and Syers 1976). A second
approach used resin bags as anion exchangers to
quantify the amount of inorganic P in organic layers
and mineral topsoil by applying a standardized
procedure. Most likely, this technique measures soil
solution P and part of the non-specifically adsorbed P,
thereby approaching the plant-available fraction, while
tightly bound P (precipitated and occluded fractions)
will not be removed by the anion exchangers (Irion
1978; Uehara and Gillman 1981). Clearly, additional P
fractions may be available to plants as well that are not
measured by this technique, notably organic and
inorganic P mobilized by external phosphatases and
other rhizosphere processes. Our data show a signifi-
cant decrease in the total-P concentration of the organic
layers from 500 to 2000 m elevation, and consequently
a large increase in the organic matter C/Pt ratio
(from 39 molmol−1 at 500 m to >1500 molmol−1 at
2000 m, data not shown). Due to the substantial
increase in organic layer thickness (and mass), the
pool of organic P nevertheless increased with
elevation in our transect. In both investigated hori-
zons, the plant-available (resin-bag exchangeable) P
concentration (Pa) increased more than 10fold from
500 to 2000 m elevation, which is the largest change
with elevation detected for any of the soil chemical
parameters investigated in this study. An important
finding is that Pa occurred at about 6-fold higher
concentrations in the organic layer than in the
mineral topsoil immediately below, indicating large
vertical gradients in P availability in the soil and
emphasizing the role of organic matter as the most
important P source in these soils.
Inorganic P is supplied to the Pa fraction by
desorption processes, in acidic soils mostly from iron
and aluminium oxide minerals, P release through
organic matter mineralization, and mineral weathering
(Walker and Syers 1976; Irion 1978; Uehara and
Gillman 1981; Grierson et al. 1999). Uptake by plants
and microbes and, to a lesser extent, leaching with
percolating water are processes which deplete the Pa
pool (Olander and Vitousek 2004). Since none of
these processes was measured directly, we can only
speculate about the causes of the remarkable increase
in Pa concentrations with altitude. Pa supply through
mineral weathering may increase with elevation
because erosion tends to rejuvenate the soils of
inclined sites in montane elevation, thereby increasing
the amount of weatherable P-containing minerals in
the upper soil profile, but the effect of weathering on
Pa supply is presumably small due to the rapid
turnover of the element and it cannot explain the
much smaller Pa concentration in the mineral soil than
in the organic layers. Many tropical lowland soils are
dominated by aluminium and iron oxide minerals but
are poor in minerals that can release P through
weathering (Sanchez 1976; Högberg 1986; Tiessen
et al. 1994). The roughly six-fold higher Pa concen-
tration in the organic layer as compared to the mineral
soil points to a key role of geochemical adsorption
and precipitation processes in reducing the Pa pool in
these soils (Frossard et al. 1995), because P-adsorbing
Fe- and Al-oxides are much more abundant in the
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mineral soil than in the organic layers. Another
possible explanation is mineralization of organic
substances as a significant P source filling up the Pa
pool in the organic layers (Grierson et al. 1999).
However, P mineralization alone does not explain the
observed increase of Pa with elevation because the
mass-specific mineralization rate should decrease
with elevation due to much more unfavourable C/P
ratios, rather than increase, as it was observed for Pa.
We speculate that organic anions released through
decomposition in the organic layer may play an
important role in reducing the adsorption of P to Al-
and Fe-oxides. Production of organic anions (such as
citric acid) by plant roots or fungi could further
reduce P sorption (Hue 1991; Gerke and Meyer
1995). An upslope decrease in the intensity of P
immobilization through microbial uptake (see e.g.
Olander and Vitousek 2004; McGroddy et al. 2004) is
also unlikely because the microbes should be shorter
in P at higher elevations due to the unfavourable
organic matter C/P ratio. Thus, the most likely
explanation is a key role of plant P demand for the
actual Pa concentration with demand being high at
lower elevation and decreasing upslope due to
decreasing forest productivity with elevation (Moser
et al. submitted).
Elevational change in N versus P limitation
With a decrease by 40% in N mineralization rate per
stand area from 500 to 2000 m, we found some
evidence in support of the hypothesis that N avail-
ability tends to decrease with elevation (see also
Grubb 1977; Edwards and Grubb 1977; Edwards
1982), even though the organic matter C/N ratio
remained favourable at all elevations and total N
concentration of the topsoil increased in upslope
direction. However, with mean daily N mineralization
rates in the range of 1.5–1.6 μgN g−1 d−1, the
montane forests (1500–2000 m) of NE Ecuador were
supplied with similar mineral N amounts as have been
found in moderately fertile tropical lowland forest
soils. This indicates that N limitation of tree growth is
probably less severe in the Sumaco montane forests
than in other tropical montane forests on non-volcanic
bedrock with higher soil C/N ratios. When relating
the availabilities of N and P to each other in a
quotient of NNM : Pa (or NNI : Pa), we found an
exponential 30-fold decrease in the N/P ratio from
500 to 2000 m elevation (Fig. 5). This is strong
support for a decreasing importance of P limitation
over N limitation with increasing elevation, irrespec-
tive of the overall significance of nutrient limitation of
tree growth in these forests. Fertilization experiments
at different elevations are needed to test for growth
implications of this shift in N/P availability.
Soil acidity and the availability of Ca, Mg and K
Our results support our second hypothesis that, with
increasing elevation, the nutrient availability to
plants is improved by growing nutrient stocks in
the organic layers. The pools of salt-exchangeable
Ca, Mg and K in the organic layers increased with
elevation due to both a large increase in organic
layer depth and also higher Caex, Mgex and Kex
concentrations at higher elevations in the organic
material. In the organic layers, much more Ca, K and
Mg was bound to cation exchangers on a mass basis
than in the mineral soil which underlines the
importance of the organic layers not only for N and
P supply, but also with respect to the supply of basic
(non-hydrolyzing) cations (see also Kaufmann et al.
1998; Wilcke et al. 2002; Wilcke et al. 2008). In
contrast, significant altitudinal trends in the abun-
dance of salt-exchangeable cations in the mineral soil
did not exist (except for slightly smaller Mgex
concentrations at 1500 and 2000 m).
Conclusions
By investigating soil chemical parameters, that may
characterize the plant-availability of N and P satisfacto-
rily, our study provides evidence for an increasing
availability of P and a decreasing availability of N with
altitude in this transect. Remarkably, the decrease in
stand-level N net mineralization occurred not due to the
8 K-temperature drop along the transect (which appar-
ently was compensated by an effective thermal adapta-
tion of the microbial communities at different
elevations), but was mostly a consequence of a reduced
soil bulk density with increasing altitude. Whether the
increasing depth of the organic layers can fully
compensate for this effect, must remain unclear in the
absence of NNM data for lower soil horizons. A
discussion of the relevant processes, that control the
pool of available P in the soil, leads us to the
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assumption that the large elevational increase in Pa is
primarily a consequence of a significant reduction in
plant demand with increasing altitude, reflecting the
reduction in productivity. The most striking change
from lowland to montane elevation in relation to soil
chemistry and plant nutrition is the very large decrease
in the ratio of available N to available P. Its potential
impact on tree growth, tree species composition and
nutrient cycling in tropical forests along altitudinal
transects deserves further detailed study. Our study also
provides evidence for the increasing importance of the
organic layers for the supply of N, P and basic cations
to the plants in tropical high-elevation forests. Intact
humus layers of considerable depth harbour not only
large nutrient pools but also were found to contain
hugh amounts of tree fine root biomass in Ecuadorian
and Costa Rican high-elevation forests (Leuschner et
al. 2007; Moser et al. 2008) which underpins the key
role of this soil compartment for the ecology of these
fragile ecosystems.
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